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We study the ionization dynamics in intense laser-droplet interaction using three-dimensional, relativistic
particle-in-cell simulations. Of particular interest is the laser intensity and frequency regime for which initially
transparent, wavelength-sized targets are not homogeneously ionized. Instead, the charge distribution changes
both in space and in time on a sub-cycle scale. One may call this the extreme nonlinear Mie-optics regime.
We find that—despite the fact that the plasma created at the droplet surface is overdense—oscillating electric
fields may penetrate into the droplet under a certain angle, ionize, and propagate in the just generated plasma.
This effect can be attributed to the local field enhancements at the droplet surface predicted by standard Mie
theory. The penetration of the fields into the droplet leads to the formation of a highly inhomogeneous charge
density distribution in the droplet interior, concentrated mostly in the polarization plane. We present a self-
similar, exponential fit of the fractional ionization degree which depends only on a dimensionless combination
of electric field amplitude, droplet radius, and plasma frequency with only a weak dependence on the laser
frequency in the overdense regime.
PACS numbers: 52.35.Mw, 52.50.Jm, 32.80.Fb, 52.65.Rr
Introduction — Spherical, wavelength-sized, homogeneous
dielectric or metal objects in plane-wave electromagnetic ra-
diation fall into the realm of Mie theory [1] and are of fun-
damental importance in optics. Standard Mie theory provides
the electromagnetic field configuration inside and outside a
homogeneous sphere of a given dielectric constant, assuming
an incoming plane wave. However, nowadays available short
and intense laser pulses interacting with matter create plas-
mas on a sub-laser period time scale [2, 3]. These plasmas,
in turn, modify the further propagation of the laser pulse. We
call this the extreme nonlinear optics regime, and in the case
of (initially) spherical targets nonlinear Mie optics.
As the laser field propagation is determined by the elec-
tron density distribution and the plasma is generated by ion-
ization, the charge state and density distributions is expected
to be sensitive to the ionization dynamics. In fact, even the
strongest present-day lasers cannot directly fully ionize heav-
ier elements so that the assumption of a preformed, throughout
the target homogeneous plasma with a given dielectric con-
stant may be inadequate. Furthermore, the skin-effect may
prevent the laser from penetrating into targets that turn over-
dense in the course of ionization so that, in general, a richly
structured space and time-dependent charge distribution de-
velops [4]. Such interactions of laser pulses with rapidly self-
generated plasmas have found already applications, e.g., as
“plasma mirrors,” which are routinely used to increase the
pulse contrast for intense laser-matter experiments [5, 6].
One expects that the part of the laser pulse that is scattered
off an overdense target will be mainly determined by the ra-
tio of laser to plasma frequency at the surface whereas pos-
sible inhomogeneities inside the target do not play a role. In
fact, standard Mie scattering theory assuming a homogeneous,
overdense plasma sphere was used to characterize rare gas
clusters in recent experiments on a shot-to-shot basis [7, 8].
However, inside such a sphere, standard Mie theory would
predict electric fields only within a narrow skin layer while,
in this Letter, we will show that a highly inhomogeneous and
temporally changing charge density distribution may be cre-
ated in the droplet interior. In order to probe such inhomo-
geneous structures inside the target laser frequencies greater
than the plasma frequency that corresponds to the maximum
plasma density in the target should be used. Indeed, Thomson
scattering of present-day short-wavelength free-electron laser
radiation (from, e.g., DESY in Hamburg, LCLS in Stanford,
or SACLA in Japan) is employed to probe overdense plasmas
[9–11].
Molecular dynamics is a powerful tool that is widely used
to describe the ionization dynamics in small laser-driven clus-
ters [12–14]. However, for wavelength-sized targets such as
droplets the influence of the target on the propagation of the
incident electromagnetic wave needs to be taken into account
self-consistently. This requires the solution of Maxwell’s
equations together with the equations of motion for the
charged particles. In the case of weakly coupled plasmas
the problem can be reduced to the solution of the Vlasov-
Maxwell system of equations, which is efficiently achieved
using particle-in-cell (PIC) codes [2].
Numerically, we study the non-linear Mie domain by means
of a 3D relativistic PIC simulations with ionization included.
The code UMKA originated from the study in [15]. We show
that in a certain laser intensity regime the droplet target is nei-
ther fully ionized nor are charges only created at the droplet
surface. Instead, fields penetrate under a characteristic angle
into the droplet, ionizing atoms in the polarization plane and
triggering plasma waves which collide in a focal spot. We
present results for the fractional ionization degree at various
laser intensities, wavelengths, and densities, that turn out to
follow an universal scaling law.
Simulations — The ionization of an ion with charge state
Z − 1 and ionization potential I due to the electric field E is
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2FIG. 1: (color online). Electron density in the beginning (a) and at the end (b) of the interaction with the laser pulse. He2+ density (c) at the
end of the interaction. For better visualization of the droplet interior a quarter of it was cut-out. Laser and droplet parameters are given in the
text. The laser propagation direction is indicated by an arrow in each panel.
implemented using the tunneling ionization rate formula [16]
w(E) =
(
2Ech
|E|
)2n∗
k2~
m
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(
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3|E|
)
(1)
with k =
√
2mI
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~2k3
me , n
∗ = Z
√
IH
I . Here, m is the
electron mass and IH is the ionization potential of atomic hy-
drogen. When an ionization event takes place a free electron
at rest is created at the position of the ion. The energy needed
for ionization is taken out of the field via an “ionization cur-
rent” jion parallel to the electric field at the ion location. The
value of jion is such that jion · E is the work spent on ioniza-
tion per time step [17, 18]. Energy conservation is accounted
for during the whole process; if the remaining field energy
in a cell is insufficient for further ionization, this cell is not
considered anymore during the current time step [19].
We start by presenting typical results from PIC simulations
of the interaction of an intense, plane-wave laser pulse with an
initially neutral He droplet [20]. A spatial resolution of ∆x =
∆y = ∆z = λ/100, 125 macro-ions and 250 macro-electrons
per cell were used. Absorbing boundary conditions for the
fields and particles were employed in the propagation direc-
tion, periodic ones for the other directions. The size of the
simulation box was always chosen big enough to rule out any
boundary effects on the observables of interest due to reflec-
tions or particles leaving the box. A linearly (in y-direction)
polarized 10-cycle sin2-laser pulse of carrier frequency ω0 en-
ters the numerical box through the boundary x = 0 and prop-
agates into the region x > 0. The dimensionless vector po-
tential amplitude a = |eAˆ/mc| = |eEˆ/mω0c| was 0.5, cor-
responding to a laser intensity I ' 5.2 × 1017 W/cm2, the
wavelength λ = 2pic/ω0 was 800 nm (i.e. for a laser period
TL = 2.66 fs). The density of the 2R = 4λ = 3.2µm diame-
ter He-droplet was ρ = 0.14 g/cm−3. If the droplet was com-
pletely preionized such a density would correspond to an elec-
tron density ne0 = 24ncr,where ncr = 1.8×1021cm−3 is the
critical density for 800-nm wavelength light. The droplet cen-
ter was located at x = 4λ, y = z = 10λ. In the simulations
FIG. 2: (color online). Electron (bottom), He1+ (middle) and He2+
(top) density in two perpendicular planes (kˆ, Eˆ) (left) and (kˆ, Bˆ)
(right) at t = 7TL (a) and t = 12TL (b). Laser and droplet parame-
ters are given in the text.
presented in this Letter impact ionization was “switched-off”.
Test runs showed that for the intensities considered the effect
of collisional ionization during the laser pulse is much smaller
than that of field ionization. Moreover, self-consistency re-
quires that collisional absorption is taken into account along
with the collisional ionization, as in the PIC codes described
in Refs. [21–23]. A recently introduced microscopic PIC code
[24, 25] bridges the gap between PIC and molecular dynamics
and is also capable of incorporating collisional ionization and
collisional absorption, albeit so far only for smaller targets.
Results — Figure 1 shows snapshots of the volume distri-
bution of electron and He2+ densities. In the beginning the
droplet is non-ionized and thus transparent for the leading part
of the laser pulse. Later, as the field strength of the laser
pulse increases in magnitude, ionization becomes more effi-
cient, and an overdense plasma is generated rapidly on the
droplet surface as the pulse propagates over it, leading finally
to almost full ionization of a thin surface layer. Moreover,
3FIG. 3: (color online). Electric fields (Ex top, Ey bottom) in two
perpendicular planes (kˆ, Eˆ) (left) and (kˆ, Bˆ) (right) at t = 7TL (a)
and t = 12TL (b).
we observe that a highly inhomogeneous density distribution
inside the droplet is formed, concentrated mostly in the po-
larization plane. In particular, there seems to be a focal spot
(blue area in the polarization plane in Fig. 1b and 1c). The
fractional ionization degree Ir = 34piR3ne0
∫
ne(r) d
3r of the
droplet at the end of the interaction is ' 35%.
He1+, He2+, and electron densities in the two perpendicu-
lar planes (kˆ, Eˆ) and (kˆ, Bˆ) at times t = 7TL and t = 12TL
are plotted in Fig. 2. Charge density builds up inside the
droplet, starting from a certain region on the droplet surface,
most clearly seen in the He1+-plot in Fig. 2a. At the later
time in Fig. 2b the charge density fronts merged already, cre-
ating the focal spot of He2+ density. Comparing the charge
densities in the two planes shows that the ionization dynam-
ics mainly takes place in the polarization plane (kˆ, Eˆ). The
corresponding distributions of the electric field components
(longitudinal Ex and in polarization direction of the incident
laser electric field Ey) are presented in Fig. 3. It is seen that
an oscillating electric field penetrates into the droplet where in
Fig. 2 the charge density is created. This is another interest-
ing example for an electric field propagating in a plasma that
is created by it in the first place [26]. More precisely, it turns
out that the Mie-enhanced field at the surface (discussed in the
subsequent paragraph) first results in a deeper penetration and
thus more efficient ionization. In addition, the electric field at
the surface oscillates and thereby triggers plasma waves which
propagate inwards up to the region where plasma has not yet
been created. The electric field of the plasma wave then ion-
izes further, which results in an ionization front propagating
inwards.
Mie field enhancement — We attribute the fact that the field
and ionization front dynamics originate from a surface region
under a certain angle θ & pi/2 (with respect to kˆ) to a local,
time-dependent field enhancement on the droplet surface. In
order to corroborate this statement, we show in Fig. 4 the ra-
dial electric field along the droplet surface in the polarization
plane vs time and θ as obtained from the PIC simulation (a)
and according to Mie theory [1] (b). Standard Mie theory is
formulated for plane incident waves. As Mie theory is lin-
ear we synthesized our pulse via spectral decomposition and
added the fields coherently. In the Mie simulation the droplet
is assumed to be homogeneous and conducting, with a dielec-
tric constant  = 1 − ne0/ncr. Under such conditions Mie
theory predicts in the strongly overdense regime (where the
skin depth is δe ' c/ωp  R with ωp =
√
e2ne0/me0 the
electron plasma frequency) that the electric field on the droplet
surface is perpendicular to it. In Fig. 4 the time axis has been
shifted such that t = 0 corresponds to the moment when the
maximum of the incident laser pulse arrived at the droplet cen-
ter. Both PIC and Mie result predict maxima of the electric
field on the droplet surface for angles θ/pi ∈ [0.4, 0.7]. The
slight disagreement in the field distributions in forward direc-
tion (small θ) is due to the fact that in the Mie calculation
the droplet is assumed conducting (i.e., completely ionized)
from the very beginning whereas in the PIC simulation there
is not yet plasma at the rear side of the droplet (see Fig. 2).
The field enhancement predicted by Mie theory is in excel-
lent agreement with the PIC results (' 1.9 times the incident
field).
FIG. 4: (color online). Radial electric field along the surface in the
polarization plane vs angle θ and time, obtained from the PIC simu-
lation (a) and as predicted by Mie theory (b). The horizontal black
lines indicate the angle at which the electric field at the droplet sur-
face is highest.
Focused plasma waves — The propagation direction χ of
the field structures inside the droplet seen in Fig. 3a is tilted
with respect to kˆ, leading to the observed focusing effect. In
order to interpret correctly these structures, we project the
field components inside the upper half of the droplet onto χ,
Eτ = Ex cosϕ + Ey sinϕ, En = −Ex sinϕ + Ey cosϕ,
with ϕ the angle between χ and kˆ (see Fig.5a). The resulting
field distributions for Eτ and En are shown in Fig. 5b. As the
values of Eτ are several times bigger than the values of En,
we identify the field structures as a longitudinal plasma wave.
The necessary matching of the plasma wave to the electro-
magnetic field at the droplet surface results in the tilt ofχwith
respect to kˆ because the phase velocity of the plasma wave is
smaller than c. The frequency spectra of the electric field at
two points x = 3λ, y = 11.5λ and x = 4.5λ, y = 11λ
inside the droplet are shown in the Fig. 5c. They peak at the
frequency approximately equal to the local plasma frequency,
which may be estimated from the plot of the local density vs
time in Fig. 5d.
Fractional ionization degree — Figure 6 collects all our
4FIG. 5: (color online). (a) The n = 2.2ncr level of the electron
density in the droplet central plane z = 10 for successive times
(t = 5, 5.4, 6.1, 6.8, 7.4, 8.1, 8.8, 9.4, 10.1TL). The straight line
indicates the projection direction χ. (b) The distributions of the
electric field component Eτ parallel and En perpendicular to χ at
t = 8TL. (c) Frequency spectra of the electric field Eτ at the points
r1 = (3, 11.5, 10) and r2 = (4.5, 11, 10) inside the droplet. (d)√
ne/ncr vs time at the points r1 and r2.
simulation results for the final fractional ionization degree Ir.
Introducing the dimensionless parameter η = a/(Rλ/δ2e), it
turns out that for all the various cluster sizes R > δe, den-
sities ω2p  ω20 , laser intensities and wavelengths simulated,
Ir is well described by Ir ' 1 − exp (−γη). In our case
of He we find γ = 1560. Note that the species-dependence
only enters via the ionization potentials I in the tunneling
ionization rate formula (1). Inserting the expression for the
collisionless skin depth δe = c/
√
ω2p − ω20 we obtain η =
eEˆ/(2pimR(ω2p−ω20)) ' eEˆ/(2pimRω2p), showing that there
is only a weak dependence on the laser frequency. Indeed, for
tunneling ionization the electric field amplitude matters, not
the laser frequency. For small laser intensity and sufficiently
big droplets, when only the thin skin layer on the droplet sur-
face gets ionized, one expects Ir = 4piR
2δe
4piR3/3 ∼ R−1. In the
opposite limit of very high laser intensity or small droplets
complete ionization Ir = 1 is expected. Both limiting cases
are contained in our formula. The chosen exponential inter-
polation between those two limiting cases matches the simu-
lation results for the fractional ionization degree very well.
Summary — A strong near-infrared or optical laser pulse
interacting with an initially neutral, wavelength-sized He-
droplet may generate a charge density distribution that nei-
ther is homogeneous throughout the droplet nor created only
within a thin skin layer at the surface. Instead, electric fields
may penetrate into the droplet interior for certain angles of
incidence predicted by standard Mie theory. However, the
time-dependent field and density distributions inside the tar-
FIG. 6: (color online). Universal curve Ir = 1− exp(−γη) (dotted)
with η = a/(Rλ/δ2e) = eEˆ/(2pimR(ω2p − ω20)) for the final frac-
tional ionization degree of the He droplet after the interaction with a
plane-wave laser pulse. The total laser pulse duration in all cases was
26 fs. The symbols for different a are indicated in the plot. For some
of them, runs with different density or laser wavelength have been
performed, as indicated directly by arrows. The numerical values
for a, R/λ, ne0/ncr , and Ir are given in the Supplemental Material
[20].
get are not accessible to standard Mie theory but fall into
the realm of extreme nonlinear optics. The field penetration
causes ionization inside the droplet, mainly confined to the
polarization plane. The resulting inhomogeneous charge dis-
tribution may be probed via scattering of short-wavelength ra-
diation and should be taken into account when studying typi-
cal laser-plasma interaction applications such as ion accelera-
tion or x-ray radiation from recombination in ionized droplets.
A particularly high abundance of He2+ is observed where the
ionization fronts and the trailing plasma waves collide. The
fractional ionization degrees for various droplet and laser pa-
rameters are found to be in good agreement with a self-similar
exponential fit. At higher laser intensities a qualitatively sim-
ilar ionization dynamics is expected for higher-Z materials as
well.
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